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ABSTRACT
We present a modified optical luminosity–Hi mass bivariate luminosity function (BLF) based on Hi line observations from the Nançay
Interstellar Baryons Legacy Extragalactic Survey (NIBLES), including data from our new, four times more sensitive follow-up Hi line
observations obtained with the Arecibo radio telescope. The follow-up observations were designed to probe the underlying Hi mass
distribution of the NIBLES galaxies that were undetected or marginally detected in Hi at the Nançay Radio Telescope. Our total
follow-up sample consists of 234 galaxies, and it spans the entire luminosity and color range of the parent NIBLES sample of 2600
nearby (900 < cz < 12,000 km s−1) SDSS galaxies. We incorporated the follow-up data into the bivariate analysis by scaling the
NIBLES undetected fraction by an Arecibo-only distribution. We find the resulting increase in low Hi mass-to-light ratio densities
to be about 10% for the bins −1.0 ≤ log( MHI/MLr/L ) ≤ −0.5, which produces an increased Hi mass function (HIMF) low mass slope of
α = −1.14 ± 0.07, being slightly shallower than the values of −1.35 ± 0.05 obtained by recent blind Hi surveys. Applying the same
correction to the optically corrected bivariate luminosity function from our previous paper produces a larger density increase of about
0.5 to 1 dex in the lowest Hi mass-to-light ratio bins for a given luminosity while having a minimal effect on the resulting HIMF low
mass slope, which still agrees with blind survey HIMFs. This indicates that while low Hi-mass-to-light ratio galaxies do not contribute
much to the one-dimensional HIMF, their inclusion has a significant impact on the densities in the two-dimensional distribution.
Key words. Galaxies: statistics – Galaxies: general – Galaxies: formation – Galaxies: dwarf – Radio lines: galaxies
1. Introduction
Understanding the large-scale baryonic mass distribution of the
Universe has been one of the longest-standing quests in modern
astronomy. The present-day baryonic mass distribution provides
insight into many different aspects of the evolution of the Uni-
verse as it is the current endpoint for all evolutionary models.
This included but is not limited to, the evolution of dark matter
haloes, how galaxies process gas within galaxies, stellar evolu-
tion and heavy element production, and galaxy mergers and in-
teractions. The spatial distribution of dark matter haloes is traced
by galaxies whose sizes and morphologies provide constraints
on the physical processes undergone by the baryons.
The most common and widely used quantifier of the galaxy
population has historically been the optical luminosity function
(LF), which describes the volume density of galaxies as a func-
tion of luminosity (see, e.g., Loveday et al. 1992, Marzke et al.
1994, Norberg et al. 2002, Blanton et al. 2003, Montero-Dorta &
Prada 2009, Geller et al. 2012, McNaught-Roberts et al. 2014,
Loveday et al. 2015, Parsa et al. 2016, and Lan et al. 2016).
Since the LF is a fundamental tracer of the galaxy population,
it is commonly used as a test for semi-analytic galaxy forma-
tion models (see, e.g., White & Frenk 1991, Katz et al. 1992,
Kauffmann et al. 1993, Cole et al. 1994, Somerville & Primack
Send offprint requests to: Z. Butcher
? Tables A1 and A2, along with the Hi line spectra are available in
electronic form at the CDS via anonymous ftp to cdsarc.u-strasbg.fr
(130.79.128.5) or via http://cdsweb.u-strasbg.fr/cgi-bin/qcat?J/A+A/
1999, Cole et al. 2000, Pearce et al. 2001, Benson et al. 2003,
and Cooray & Milosavljevic´ 2005).
Similar to the optical LF, the Hi mass function (HIMF) has
also been used to trace the galaxy population, although to a
somewhat lesser extent (see, e.g., Zwaan et al. 1997, Schnei-
der et al. 1998, Zwaan et al. 2003, Kovac et al. 2005, Springob
et al. 2005, Martin et al. 2010, and Hoppmann et al. 2015). While
both of these population tracers are used as tests of semi-analytic
models, they both only trace a single dimension of the galaxy
population.
The optical luminosity–Hi mass bivariate luminosity func-
tion (BLF) describes the volume density of galaxies as a func-
tion of both their luminosity and Hi mass. When integrated over
all luminosities in each Hi mass bin, it becomes the HIMF, and
when integrated over all Hi masses in each luminosity bin, it
becomes the optical LF. The advantage of analyzing the galaxy
population in more than one dimension simultaneously is that it
provides details on the distribution of one variable as a function
of the other, allowing for finer tuning of formation models.
Previously, Lemonias et al. (2013) presented a bivariate dis-
tribution as a function of stellar and Hi masses. However it was
essentially stellar mass folded into a one-dimensional HIMF and
it covered a far smaller mass range than our sample.
The Nançay Interstellar Baryons Legacy Extragalactic Sur-
vey (NIBLES), being an optically selected survey, is able to
probe Hi masses to lower levels than typical blind Hi surveys
due to increased on-source integration times. This provides the
advantage of being able to probe Hi mass distributions as a func-
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tion of optical luminosity much better than blind Hi surveys,
which have no optical selection criteria. Conversely, blind Hi
surveys tend to contain more Hi rich, low surface brightness
(LSB) galaxies, which are often difficult to detect or completely
absent from optical surveys. The practical implications of these
selection criteria are that HIMFs from optically selected sources
tend to have flatter slopes than their blind survey counterparts
(see, e.g., Rao & Briggs 1993). However, for the purposes of
constructing a BLF, the Hi distribution as a function of luminos-
ity is the critical component and is more readily obtained from
optical selection criteria.
In Butcher et al. (2018, Paper III), we present the first op-
tical luminosity–Hi mass BLF and HIMF of the NIBLES sam-
ple of 2600 galaxies selected from the Sloan Digital Sky Survey
(SDSS; see, e.g., York et al. 2000) within the local universe (900
≤ cz ≤ 12,000 km s−1). The galaxies were chosen with the goal
of obtaining nearly equal numbers of galaxies in each absolute
magnitude bin, so that the optical luminosity function was sam-
pled more uniformly than in magnitude-limited studies or blind
Hi surveys. The project was based on uniform Hi-line observa-
tions carried out with the 100-m class Nançay Radio Telescope
(NRT).
The Nançay observations had a detection rate of 63%, that is,
1497 out of the 2364 target sources for which usable Hi spectra
were obtained and which were not clearly confused by another
galaxy within the telescope beam (van Driel et al. 2016, Paper I).
The undetected galaxies are mainly high-luminosity, gas-poor
red objects, and low-luminosity, predominantly blue, galaxies
(see also Paper III). Although the low Hi mass sources within
a given luminosity bin have very little impact on the overall dis-
tribution of the one-dimensional HIMF (see Paper III), they do
alter the two-dimensional BLF distribution based on both optical
luminosity and Hi mass.
We identified trends in the Hi-mass-to-luminosity (gas-to-
light hereafter) ratios, MHI/MLr/L , that are consistent over the entire
luminosity range of NIBLES, from which we extrapolated vol-
ume densities for galaxies with very low luminosities that lie out-
side the NIBLES selection criteria due to the SDSS magnitudes
being generally unreliable for r-band apparent mag > 17.77 (a
consequence of the SDSS selection criteria chosen to correspond
to their desired target density of 90 objects per square degree, see
Loveday 2002). The resulting extrapolated distributions produce
a BLF from which we can derive an HIMF that is consistent with
blind Hi survey HIMFs.
To better understand the properties of the galaxies undetected
at Nançay and assess their impact on the BLF, we obtained four
times higher sensitivity follow-up observations with the 305 m
Arecibo radio telescope. In two earlier Arecibo follow-up cam-
paigns (see Butcher et al. 2016, Paper II, for details) a total of 92
NIBLES galaxies were observed, from a random subsample and
a subsample of nearby (cz < 4000 km s−1) blue galaxies with a
color u − z < 2 mag. We present here results of a third Arecibo
observing campaign of 151 objects (including some repeats from
the earlier campaigns) designed to provide a fairly uniform sam-
pling of, collectively, 234 NIBLES galaxies that were either not
detected or marginally detected at Nançay.
In Section 2 we describe the observed galaxy sample; in Sec-
tion 3 we describe the observation strategy and data reduction
procedure; in Section 4 we review the methodology used to de-
rive BLFs and HIMFs; in Section 5 we compare results including
the Arecibo sample to the results of the Nançay only sample; and
in Section 6 we present our conclusions. Solar luminosities are
given in the SDSS r-band, derived from Christopher Willmer’s
calibrations 1.
2. Sample selection
The larger collecting area of the Arecibo radio telescope allows
us to reach lower Hi mass limits for undetected NIBLES galaxies
within the Arecibo declination range. Not all undetected galaxies
could be observed due to telescope time scheduling constraints,
so we aimed to expand the set of our earlier Arecibo observations
to provide a collective subsample covering the entire NIBLES
luminosity range in a fairly uniform manner, with less color bias
than our earlier campaigns. In total, about half the undetected
galaxies within Arecibo’s declination range were observed.
The third, and final, Arecibo Hi line follow-up observation
sample described here consists of 151 NIBLES galaxies that
were observed from July 2016 to February 2017 during a to-
tal of 58.5 hours of telescope time. 132 of these galaxies were
classified as Nançay nondetections and 22 were marginal detec-
tions. Of these, 9 were previously observed during the first two
follow-up campaigns but resulted in nondetections. They were
observed in this campaign with longer integration times, result-
ing in Hi line detections of two sources, 1132 and 1983 (See
Paper II for details on the first two campaigns). Since the second
campaign targeted blue galaxies (u − z < 2 mag) these were ex-
cluded in this final campaign, which consists mostly of galaxies
with redder colors and at greater distances than those in the pre-
vious campaigns. We refer to the combined set of observations
from all three campaigns as the Arecibo sample hereafter.
The luminosity and color distributions of the Arecibo sample
are shown in Figures 1 and 2 respectively. The latter shows the
lack of a color bias, but the former shows that the Arecibo sam-
ple has an almost constant number (∼25) of objects per luminos-
ity bin, whereas the ensemble of possible Arecibo targets shows
a steady increase with luminosity, from about 30 at log(Lr/L)
∼ 7 to about 90 at log(Lr/L) ∼ 11. The decreased percentage
of observed sources at higher luminosities does not detrimen-
tally impact our analysis since our requirement is to have higher
sensitivity follow-up observations covering the entire luminosity
range that are a fair representation of the overall NIBLES sam-
ple. Since our observed sources were only limited by telescope
availability, and they fully sample the color distribution shown
in Figure 2, the only impact on our analysis is the magnitude of
uncertainty due to sampling errors.
3. Observations and results
The observing strategy of the third campaign is identical to that
of our previous two at the Arecibo radio telescope (see Paper
II). We used the L-wide receiver and the Wideband Arecibo
Pulsar Processor (WAPP) autocorrelator backend with two po-
larizations, a bandpass of 50 MHz (10,600 km s−1) and 4096
frequency channels separated by 2.6 km s−1. The receiver half
power beam width is 3′.5 and the system temperature ranges from
28 to 32 K. Data were taken in standard 5/5 minute integration
ON/OFF position switching mode. All galaxies were first ob-
served for one 5/5 minute cycle, and the weak and nondetections
were then repeated depending on available telescope time.
Data were reduced using a combination of Phil Perillat’s IDL
routines and Robert Minchin’s CORMEASURE routine from the
Arecibo Observatory. All spectra were Hanning smoothed to a
1 http://mips.as.arizona.edu/~cnaw/sun_2006.html
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Fig. 1. Luminosity distribution (log(Lr/L)) of NIBLES galaxies within
the Arecibo declination range that were undetected or marginally de-
tected at Nançay (black), along with the sources that were observed in
the Arecibo follow-up campaigns (blue).
Fig. 2. Integrated g − i color, in mag, as a function of absolute r-band
luminosity log(Lr/L), both corrected for Galactic extinction following
Schlegel et al. (1998). Nançay detections, marginals, and nondetections
are represented by gray dots, open gray circles, and open red circles re-
spectively. Arecibo detections, marginals, and nondetections are respec-
tively represented by black solid stars, open stars, and blue downward
triangles.
velocity resolution of 18.7 km s−1 to match the 18 km s−1 reso-
lution of the NRT spectra as closely as possible.
Throughout this paper, all recession velocities given are he-
liocentric, all Hi-line related parameters are according to the con-
ventional optical definition: V = c(λ – λ0)/λ0, and a Hubble con-
stant of H0 = 70 km s−1 Mpc−1 is used. Galaxy properties and
explanations of derived quantities are listed in Appendix A.
Classification of galaxies into Hi detected, nondetected and
marginal categories was determined by the three authors, making
independent judgments about how each galaxy should be classi-
fied based on visual inspection of the Hi spectra, with the final
adjudication based on a majority consensus. Visual inspection
was used rather than a uniform cut in signal-to-noise ratio be-
cause the optical redshift of each galaxy was known beforehand,
allowing better recognition of source signals.
Combined Arecibo and NRT distrbutions
Fig. 3. Two dimensional r-band luminosity–Hi mass distribution of
the NIBLES sample, derived by combining the scaled two dimensional
Arecibo distribution with the Nançay distribution. The color scale indi-
cates the fraction of galaxies that have a particular log(MHI/M) for a
given log(Lr/L), see the legend.
Color images along with Hi line spectra of all 151 galaxies
in the third campaign are shown in Appendix A, in Figures A.1
to A.5, along with Tables A.1, A.2 and A.3 listing data for clear
detections, marginal detections and nondetections, respectively.
Six sources had unreliable SDSS photometry or were con-
fused by another galaxy within the Arecibo telescope beam
(Nos. 0492, 0538, 0748, 0987, 2356 and 2483); these are flagged
accordingly in Col. 1 of Tables A.1, A.2 and A.3. Excluding
these six leaves 228 sources to be used for further analysis. Of
these, 64% were clearly detected, and 8% marginally detected.
The detection fraction depends on color: all of the Arecibo
marginal and nondetections are on the redder end of the color
distribution (g − i > 0.8), Figure 2.
4. Lr–MHI bivariate luminosity function and H I
mass function
The basic methodology we use to derive an Lr–MHI BLF is the
same as in Paper III. For each luminosity bin, we first count
the number of galaxies in each Hi mass bin to determine the
Hi mass distribution, and then scale the results to obtain the vol-
ume density required to match the known luminosity function
from Montero-Dorta & Prada (2009). This gives us the two-
dimensional volume density as a function of both Hi mass and
luminosity.
In Paper III we derived an uncorrected bivariate Lr–Hi mass
distribution using Nançay detections only, and a corrected dis-
tribution based on observed trends in the MHI/Lr distribution as
a function of luminosity, which we used to extrapolate the dis-
tribution down to luminosities well below those of the NIBLES
sample galaxies. For the new analysis presented here, which in-
cludes our Arecibo follow-up data, we consider only the uncor-
rected distribution and we treat marginal Arecibo detections as
nondetections.
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Original NRT-only distribution
Fig. 4. Two dimensional r-band luminosity–Hi mass distribution of the
NIBLES sample derived using the Nançay observations only – from
Paper III, with the same color scale shown in Figure 3.
Difference between combined and NRT only distributions
Fig. 5. Difference between Figures 3 and 4, showing the impact of
adding the Arecibo follow-up observations data to the original Nançay
data.
The Arecibo sample provides a fairly uniform subset of un-
detected NIBLES galaxies within the Arecibo telescope’s more
limited declination range. Therefore, we can assume that the Lr–
Hi mass distribution present in the Arecibo sample is a fair rep-
resentation of all the Nançay undetected galaxies.
We characterize the Arecibo sample’s Lr–Hi mass distribu-
tion in the same manner as for the Nançay sample. To do this,
we follow the same general method outlined in Paper III, at first
using only the Arecibo data. Specifically, we generate a distribu-
tion:
θA jk∆M∆L = nA jk/Nk, (1)
where θA jk represents the distribution of galaxies in the jth Hi
mass bin and kth luminosity bin of the Arecibo sample only, nA jk
is the total number of galaxies in the jk Hi mass and luminosity
bin, and Nk is the total number of galaxies in luminosity bin k.
To combine this distribution with the Nançay sample dis-
tribution (see Paper III), we simply add the Arecibo distribu-
tion to the Nançay distribution, scaling all k luminosity bins of
the Arecibo distribution by the fraction of undetected galaxies
in the corresponding k luminosity bin of the Nançay distribu-
tion. The resulting combined distribution is shown in Figure 3
and the original Nançay-only distribution in Figure 4, using the
same color scale. The difference between the two distributions is
shown in Figure 5.
As with the equivalent Nançay detections-only distribution
(Fig. 4), the lowest Hi mass bin in Fig. 3 is populated exclusively
by partial occupation numbers and therefore has a much lower
density than the adjacent bins.
The difference between the two distributions is that the
Arecibo observations have increased the density of the BLF
bins by approximately 10% for bins corresponding to the col-
ored regions of Figure 3. The lower luminosity bins, around
log(Lr/L) = 7.25, show an approximately 20% increase in den-
sity and an almost 30% increase for the bin log(Lr/L) = 11.25,
log(MHI/M) = 9.25.
The log(Lr/L) > 11 galaxies likely require observations that
are even more sensitive than ours at Arecibo to fully sample
the Hi mass distribution within the 11.25 bin. The log(Lr/L)
= 11.25 bins in the BLF show that bin log(MHI/M) = 9.75 has a
relatively lower density than the two adjacent Hi mass bins. This
is due to insufficient sampling, with the 9.75 bin populated solely
by fractional occupation numbers due to the uncertainties in the
two adjacent bins. At log(Lr/L) > 11, the Nançay NIBLES sam-
ple contains only 15 galaxies, three of which were detected at
Nançay, all within the log(MHI/M) = 10.25 bin. Of the three
Arecibo sample galaxies in the same luminosity bin, the sole de-
tection was in the log(MHI/M) = 9.25 bin. Using the Arecibo
sample as an estimator for the Nançay distribution of undetected
Hi galaxies leaves the log(MHI/M) = 9.75 bin populated by only
partial occupation numbers based on Hi mass uncertainties in the
adjacent bins as described in Paper III.
Scaling each luminosity bin from Figure 3 to the correspond-
ing bin from the Montero-Dorta & Prada (2009) luminosity func-
tion (LF) yields the two-dimensional r-band luminosity–Hi mass
distribution function shown in panel a of Figure 6, and its corre-
sponding HIMF (panel c). Similarly to Figure 4 in Paper III, we
did not plot the point for the lowest Hi mass bin (log(MHI/M) =
6.25) in the HIMF since it was populated with partial occupation
numbers only, due to the relatively high fractional Hi mass un-
certainty of these sources. The position for the highest Hi mass
bin (log(MHI/M) = 10.75) in the HIMF is plotted at the mean
value of the measured Hi masses contained within the bin rather
than at its normal MHI midpoint since this bin is not fully sam-
pled (see Figure 6).
Values for the mass distribution function from panel (a) in
Figure 6 are listed in Table 1 as log(Φ(MHI,Lr)∆M ∆L) in units
of Mpc−3 dex−1 (in solar units), together with their fractional
uncertainties.
In Figure 7 we show the contributions to the HIMF from
panel c of Figure 6 per luminosity bin. Due to the combination
of Arecibo and Nançay data, some of the Hi mass bins on
the extremities of a particular luminosity bin have very large
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Table 1. r-band luminosity–Hi mass distribution function for the uncorrected combined Nançay and Arecibo distribution.
Log(Lr/L)
log( MHIM ) 6.75 7.25 7.75 8.25 8.75 9.25 9.75 10.25 10.75 11.25
[volume density in Mpc−3 dex−1]
10.75 -4.70±0.42 -5.07±0.20
10.25 -3.86±0.23 -3.36±0.07 -4.15±0.06 -6.85±0.46
9.75 -5.31±2.27 -3.46±0.23 -2.57±0.07 -2.55±0.05 -2.83±0.04 -4.13±0.11 -9.53±14.39
9.25 -3.62±0.44 -2.69±0.11 -2.16±0.05 -2.13±0.04 -2.36±0.04 -3.17±0.08 -4.37±0.19 -6.50±0.35
8.75 -2.38±1.03 -2.78±0.29 -2.50±0.13 -2.01±0.05 -1.95±0.04 -2.26±0.05 -2.64±0.07 -3.42±0.15 -4.48±0.25
8.25 -2.13±0.12 -1.86±0.05 -1.86±0.05 -2.16±0.06 -2.71±0.10 -3.15±0.15 -3.70±0.22 -5.59±1.16
7.75 -2.36±0.85 -1.85±0.10 -1.82±0.06 -2.10±0.07 -2.67±0.13 -3.17±0.21 -3.57±0.29 -4.94±0.76
7.25 -1.57±0.33 -1.65±0.10 -1.90±0.07 -3.06±0.27 -3.36±0.35 -3.45±0.31 -4.51±0.89 -5.75±2.73
6.75 -1.39±0.24 -1.88±0.14 -2.59±0.19 -3.43±0.49 -4.61±1.48
Notes. Volume densities are log(Φ(MHI,Lr)∆M ∆L) in Mpc−3 dex−1. The listed uncertainties are fractional.
a
b
c
Fig. 6. Main panel a: Two-dimensional bivariate Lr–Hi mass distribu-
tion of the NIBLES sample galaxies, derived from a combination of the
Nançay and Arecibo sample distributions. The values represented by the
colorbar (see the legend) are the volume densities in each 0.5 dex wide
bin in both luminosity and Hi mass, log(Φ(MHI,Lr)∆M∆L) in units of
Mpc−3 dex−1, as a function of both Hi mass and r-band luminosity Lr (in
solar units). The upper panel b shows the summation of the main panel
over Hi mass, which reproduces the input Luminosity Function from
Montero-Dorta & Prada (2009), log(Φ(L)∆L) in units of Mpc−3 dex−1,
while the right panel c shows the summation of the bivariate distribution
over luminosity, that is, the Hi Mass Function, log(Φ(M)∆M) in units
of Mpc−3 dex−1. See the text for further details on the log(MHI/M) =
6.25 and 10.75 bins in the HIMF.
fractional uncertainties, being at or above unity (or above 0.434
on the logarithmic scale). We have omitted these points from
the plot for viewing clarity, but their values are listed in Table 1.
Additionally, the sole data point in the log(Lr/L) = 11.25 bin
that is below the stated uncertainty threshold is also left off this
plot due to its insignificant contribution to the HIMF. Comparing
this plot to Figure 5 in Paper III illustrates that the addition of
the Arecibo data to the BLF results in an increased low-Hi-mass
slope of the HIMF. A Schechter function (see Schechter 1976)
Fig. 7. Hi Mass Function (data points and the Schechter function fit to
them, in black), and contributions to the HIMF for individual luminosity
bins, indicated by different colors (see the Legend). Volume densities in
each 0.5 dex wide bin in Hi mass, log(Φ(M)∆M) in units of Mpc−3
dex−1, are shown as a function of Hi mass in each luminosity bin. For
clarity, we omit data points with volume density values that are smaller
than their uncertainties. The black points are the sum of the Hi masses
in the corresponding luminosity bins. Uncertainties for each luminosity
bin are shown as shaded regions around each mass function, with the
total quadrature sum shown as error bars on the HIMF. The black line
is the Schechter fit to the HIMF.
fit to this HIMF yields the following parameters:
Φ = 0.012±0.003, log(M?/M) = 9.63±0.06, α = −1.14±0.07.
The corresponding HIMF based on NRT data only from
Paper III yielded the following Schechter fit parameters:
Φ = 0.013±0.002, log(M?/M) = 9.61±0.06, α = −1.04±0.07.
The addition of the Arecibo data to the Nançay distribu-
tion steepens the low-mass slope α, from −1.04 to −1.14, which
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Fig. 8. Volume densities in each 0.5 dex wide bin of Hi mass,
log(Φ(M)∆M) in units of Mpc−3 dex−1, as a function of gas-to-light
ratio, log( MHI/MLr/L ) for the same luminosity bins as shown in Fig. 7.
is expected given the high detection fraction for low luminos-
ity sources in the Arecibo sample. The value of α for the un-
corrected combined HIMF is still shallower than the low-mass
slopes of blind Hi surveys (−1.35 ± 0.05; Zwaan et al. 2005,
Haynes et al. 2011) or the -1.26±0.04 of our optically corrected
HIMF in Section 5.4 of Paper III (which used extrapolated gas-
to-light distributions as a function of luminosity to construct dis-
tributions in luminosity bins not probed by the NIBLES sample
— see also Section 5).
In addition to the low-mass slope increase of the HIMF,
within each luminosity bin, the density values corresponding to
the lowest gas-to-light ratio bins have also increased. We show
this effect more clearly in Figure 8, where we can see that with
the exception of the highest luminosity bin, the distributions of
the low gas-to-light ratio bins (log( MHI/MLr/L ) ≤ −0.5) all display
similar shapes and slopes (this was also noted in Figure 6 of
Paper III). The additional detections from the Arecibo sample
have increased the population density for the lowest gas-to-light
ratios within each luminosity bin by similar amounts, with den-
sity increases of about 0.2 dex for log( MHI/MLr/L ) values an order of
magnitude below the peak, and about 0.4 dex density 1.5 orders
of magnitude below the peak.
The largest difference between Figure 8 and the equivalent
Figure 6 of Paper III is that in Figure 8, the maximum density
values for log(Lr/L) ≤ 9.25 all occur in the log( MHI/MLr/L ) = 0 bin
whereas in Figure 6 of Paper III, descending from log(Lr/L) =
9.25 to 7.25 there is a progressive increase in the maximum den-
sity values from the log( MHI/MLr/L ) = 0 bin to the 0.5 bin. The new
density peaks are the result of adding the relatively lower gas-to-
light ratio galaxies detected at Arecibo to the lower luminosity
bins. On the other hand, in higher luminosity bins (log(Lr/L) ≥
9.75) the addition of low gas-to-light ratio objects did not alter
the peak log(MHI/Lr) bins.
The trend in gas-to-light ratios among higher luminosity
galaxies is to be expected, and suggests that the more luminous
Fig. 9. Log( MHI/MLr/L ), as a function of log(Lr/L) for the Arecibo and
Nançay samples within the Arecibo sample’s declination range. Ex-
cluded are sources that were clearly confused or had unreliable pho-
tometry. Nançay detections, marginals, and nondetections are repre-
sented by gray dots, open gray circles, and open red circles respectively.
Arecibo detections, marginals, and nondetections are respectively rep-
resented by black solid stars, open stars, and blue downward triangles.
galaxies are more evolved in the sense that they have converted
progressively larger fractions of their gas into stars. On the other
hand, while the low-luminosity galaxies do not show a shift in
their peak gas-to-light ratio, they do display successively larger
numbers of galaxies with higher gas fractions at lower luminosi-
ties, whereas toward higher luminosities (log(Lr/L) > 9.5) the
higher gas-to-light ratio objects are gradually disappearing.
5. Discussion
In this section we examine how the Arecibo follow-up results
(in particular the Arecibo nondetections) relate to the Nançay
results, and what we can infer from them about the properties of
the NIBLES sample.
Shown in Figures 9 and 10 are the gas-to-light ratios,
log( MHI/MLr/L ), plotted as a function of r-band luminosity, Lr, and
g − z color respectively. Excluded from the plots are the Nançay
data for sources of which Arecibo follow-up observations were
obtained, and those that were clearly confused or had unreliable
photometry.
It should be noted (see also Paper I) that the estimated upper
limits to the Hi masses of nondetections are quite conservative,
as they are based on the largest observed W20 line widths for
a given luminosity. For the most luminous sources, which are
expected to have the broadest lines, the upper limits tend to be
even higher than the NIBLES detections made with the same
telescope at the same redshift (see Figure 9).
The two Figures show that: (1) the gas-to-light ratios of the
Arecibo nondetections lie below the mean for the Nançay de-
tections for each luminosity, that the mean difference between
Arecibo and Nançay nondetections is consistent with the four
times higher Arecibo sensitivity, (2) about half of the Arecibo
detections lie among the Nançay detections, and the other half
have on average about a ten times lower gas-to-light ratio, and
(3) all galaxies blueward of g − z = 0.75 mag are detected in the
Arecibo follow-up observations.
In Paper III we discussed the low-luminosity (log(Lr/L)
< 7.25) galaxies that were missing from the NIBLES sample
due to insufficient sensitivity of optical surveys such as the SDSS
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g - z [mag]
Fig. 10. Log( MHI/MLr/L ) as a function of g − z color for the Arecibo and
Nançay samples. Excluded are sources that were clearly confused or
had unreliable photometry. Nançay detections, marginals, and nonde-
tections are represented by gray dots, open gray circles, and open red
circles respectively. Arecibo detections, marginals, and nondetections
are respectively represented by black solid stars, open stars, and blue
downward triangles.
and the effect this had on the resulting HIMF, based on Nançay
data only. Identifying trends as a function of luminosity allowed
us to extrapolate the density and gas-to-light distribution values
toward the low-luminosity bins with missing galaxies. To an-
alyze the effects of this change in detection fraction with lumi-
nosity we constructed two extrapolated BLFs, which we referred
to as optically corrected and corrected, respectively. For the opti-
cally corrected BLF, we ignored the change in detection fraction
as a function of luminosity and set the detection fraction of all
log(Lr/L) < 7.75 bins equal to that of the lowest luminosity
well-sampled 7.75 bin. For the corrected BLF, we included the
change in detection fraction with luminosity and set the detec-
tion fraction for all log(Lr/L) < 9.25 bins equal to that of the
9.25 bin because the fall-off in their detection fractions below
this bin are consistent with decreases caused solely by distance
and sensitivity effects (see Appendix A in Paper III). Our cor-
rected HIMF agrees well with those derived from the HIPASS
and ALFALFA blind surveys Zwaan et al. (2005), Haynes et al.
(2011).
Here we expand the analysis to include the Arecibo sample’s
effect on the optically corrected bivariate distribution. We do not
re-examine the corrected distribution, because it attempted to
compensate for Hi undetected galaxies due to distance and sen-
sitivity effects. Since our Arecibo data are four times more sen-
sitive than the Nançay data, we detect many of the Nançay unde-
tected galaxies that were the reason for the original correction.
The decrease in detection rate as a function of color in Figures 2
and 10 corroborates this claim. Our 100% detection rate for blue
galaxies with g − z < 0.75 mag is not unexpected. Based on an
analysis similar to that in Appendix A of Paper III, we would
expect to detect 66 ± 2 of the 69 blue galaxies in our follow-up
sample, that is, a detection rate of 96-99%. This estimate is based
on our minimum detectable integrated line flux at Arecibo and
sampling errors from the standard deviation of the binomial dis-
tribution, but we do not have a uniform rms noise level due to our
observing strategy where initially weak or nondetected sources
received follow-up observations.
In contrast to the corrected distribution, the optically cor-
rected distribution only attempts to correct for low-luminosity
Fig. 11. Properties of the gas-to-light distributions of the Arecibo sam-
ple detections as a function of luminosity, in 0.5 dex wide bins of
log(Lr/L). Top panel: mean log(
MHI/M
Lr/L ) ratio, with uncertainties given
by the standard error of the mean. Middle panel: standard deviation (σ)
of the log( MHI/MLr/L ) ratio. Lowest panel: Skewness of the log(
MHI/M
Lr/L ) ra-
tio.
galaxies that were not included in the original NIBLES sam-
ple. In order to extrapolate the bivariate distribution across the
full luminosity range (for which the reconstruction of a plausi-
ble HIMF was required) we must account for these missing low-
luminosity galaxies in our new distribution utilizing the Arecibo
follow-up data.
Unlike the Nançay data (see Figure 8 in Paper III), the
Arecibo data do not show any consistent trends with luminos-
ity in the mean, standard deviation and skewness of the gas-to-
light ratio over the entire luminosity range. The mean Arecibo
gas-to-light ratios, standard deviations and skewness values in
luminosity bins 7.25 ≤ log(Lr/L) ≤ 8.75 all agree with one an-
other within the uncertainties, and the gas-to-light ratio distri-
butions can be accurately represented by a nonskewed Gaussian
(see Figure 11).
When correcting the Nançay distributions, we extrapolated
gas-to-light ratios for log(Lr/L) ≤ 7.25 due to poor detection
statistics in those bins. However, for the Arecibo follow-up data,
we only extrapolate trends for luminosity bins log(Lr/L) ≤ 6.75
due to the log(Lr/L) = 7.25 bin now having a detection rate of
94% in a sample size of 35.
We first construct extrapolated gs-to-light distributions in
low-luminosity bins down to log(Lr/L) = 5.25 following the
same general procedure outlined in Section 5.4 of Paper III, but
using a nonskewed Gaussian such that within each luminosity
bin we have:
R j =
∫ −∆M/2L
∆M/2L
φ and Fk =
∫ max M/L
min M/L
φ (2)
where Rj is the jth gas-to-light ratio bin, φ represents the Gaus-
sian function, and Fk is the detection fraction in the kth luminos-
ity bin. ∆M/L is the log( MHI/MLr/L ) bin size.
Article number, page 7 of 20
A&A proofs: manuscript no. NIBLES_Arecibo_BLF_revisited_mod20200729
We then combine the resulting distribution with the Nançay-
based distribution using the same procedure described in Section
4.
The resulting reconstructed HIMF is shown in Figure 12. As
with the combined Nançay/Arecibo distribution shown in Figure
7, we also omit the points on the extremities of the luminosity
bins due to their large uncertainties and for viewing clarity. We
present the values with their associated fractional uncertainties
for luminosity bins log(Lr/L) ≤ 8.25 in Table 2. The Hi mass
distributions for the log(Lr/L) ≤ 7.75 bins are more flattened
than the corresponding bins in Figure 9 from Paper III, showing
a density increase of ∼0.5 - 1 dex for the lowest Hi mass bins
within each luminosity bin; due to the increased density of low
log( MHI/MLr/L ) ratio distributions. The Schechter fit parameters for
the reconstructed HIMF are:
Φ = 0.009±0.002, log(M?/M) = 9.70±0.06, α = −1.28±0.03.
This result agrees very well with the optically corrected
HIMF from Paper III:
Φ = 0.0085 ± 0.0015, log(M?/M) = 9.72 ± 0.06,
α = −1.26 ± 0.04
and with the HIMF from Zwaan et al. (2003):
Φ = 0.0086, log(M?/M) = 9.79, α = −1.30.
While our “corrected” distribution (accounting for drop-offs
in detection statistics due to distance and sensitivity effects at
Nançay) from Paper III produced an HIMF that agreed well with
the HIMF from Zwaan et al. (2005), our corrected distribution
presented here (using Arecibo data in lieu of the sensitivity cor-
rection) agrees better with the Zwaan et al. (2003) results, show-
ing that our increased detection statistics in the low luminosity
bins did not drastically alter the low mass slope of the HIMF
in comparison with the “optically corrected” distribution from
Paper III.
The similarity between the reconstructed HIMFs both with
and without the Arecibo data illustrates the point that the HIMF
is defined by the relatively higher gas-to-light ratio sources
within each luminosity bin. Therefore, the details of the gas-
to-light distributions as a function of optical luminosity are lost
when examining only a single dimension such as the LF or
HIMF. The only way to fully quantify the volume density of
galaxies in terms of both Hi mass and optical luminosity, is to
use a two-dimensional distribution. This point should be of par-
ticular interest to galaxy evolution modelers as it illustrates a
missing dimension in attempts to fit models to observed distri-
butions. For example, a multitude of semi-analytic model studies
have been conducted (see, e.g., White & Frenk 1991, Katz et al.
1992, Kauffmann et al. 1993, Cole et al. 1994, 2000, Somerville
& Primack 1999, Pearce et al. 2001, Benson et al. 2003, Cooray
& Milosavljevic´ 2005) that use either a one-dimensional LF or
HIMF as a basis for comparisons with observations. Comparing
models with a two-dimensional distribution could help fine-tune
various aspects of evolutionary models that is not possible when
examining only a single dimension.
Fig. 12. Reconstructed Hi Mass Function based on the combined op-
tically corrected Nançay and Arecibo distributions (data points and the
Schechter function fit to them, in black), and contributions to the HIMF
for individual luminosity bins, indicated by different colors (see the
Legend). Volume densities are shown in each 0.5 dex wide bin in Hi
mass, log(Φ(M)∆M), in units of Mpc−3 dex−1. We recreated a plot sim-
ilar to Figure 7 with artificial, extrapolated Hi mass distributions for
luminosity bins below log(Lr/L) = 7.75 shown in gray. For viewing
clarity we omit points with uncertainties larger than the density values
and do not show the uncertainty regions on each luminosity bin. Uncer-
tainties for the corrected bins are given in Table 2.
6. Conclusions
We presented data from the third and final Arecibo Hi follow-up
campaign of Nançay nondetections of NIBLES galaxies, com-
bining this data with our previous two Arecibo campaigns to
create a random subsample spanning the range in luminosity and
g − i color of the NIBLES sample. We used this follow-up data
to create a two dimensional bivariate luminosity–Hi mass distri-
bution that we then scaled by the Hi undetected fractions of the
Nançay uncorrected and optically corrected distributions.
Combining the resulting scaled Arecibo distribution with our
original Nançay distributions resulted in a net density increase of
about 10% at the low gas-to-light ratio bins (−1.0 <log( MHI/MLr/L )<−0.5) within each luminosity bin. The effect on the uncorrected
bivariate distribution resulted in a HIMF with a steeper low mass
slope, but one that is just shallow of recent blind survey HIMFs
(with the slope disagreeing just outside the uncertainty range).
However, the bins with the lowest luminosities for the op-
tically corrected BLF saw density increases of ∼0.5 to 1 dex
for the highest gas-to-light ratio bins while producing a minimal
change to the resulting HIMF low mass slope. This result illus-
trates the point that there may be significant deviations in the
volume density for galaxies on the outskirts of the gas-to-light
ratio distributions, as a function of environment or other factors,
which we are currently unable to probe with a one-dimensional
distribution.
Our results confirm that low gas-to-light ratio galaxies con-
tribute relatively little to the overall Hi volume density of the
universe and that optically selected samples tend to lack ade-
quate numbers of high gas-to-light ratio galaxies from which to
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Table 2. r-band luminosity–Hi mass distribution function for the corrected combined Nançay and Arecibo distribution.
Log(Lr/L)
log( MHIM ) 5.25 5.75 6.25 6.75 7.25 7.75 8.25
[volume density in Mpc−3 dex−1]
9.75 -5.31±2.28
9.25 -3.62±0.43 -2.68±0.11
8.75 -3.08±0.35 -2.50±0.11 -2.01±0.04
8.25 -3.35±0.51 -2.44±0.20 -2.00±0.04 -1.86±0.05 -1.86±0.06
7.75 -3.70±0.69 -2.57±0.31 -1.95±0.08 -1.73±0.03 -1.76±0.04 -1.82±0.07 -2.10±0.10
7.25 -1.97±0.16 -1.59±0.03 -1.57±0.04 -1.74±0.06 -1.73±0.13 -1.90±0.10 -3.07±0.17
6.75 -1.36±0.04 -1.49±0.05 -1.75±0.10 -1.71±0.25 -1.91±0.18 -2.59±0.16 -3.43±0.22
6.25 -1.48±0.07 -1.78±0.17 -1.62±0.29 -1.70±0.31 -2.84±0.34 -2.97±0.19 -4.08±0.26
5.75 -1.82±0.26 -1.52±0.31 -1.56±0.31 -2.34±0.27
5.25 -1.40±0.32 -1.42±0.30 -2.20±0.27 -3.75±0.25
Notes. Volume densities are log(Φ(MHI,Lr)∆M ∆L) in Mpc−3 dex−1. The listed uncertainties are fractional.
construct a realistic HIMF. However, the low gas-to-light ratio
galaxies provide valuable insight into the gas-to-light distribu-
tions of the overall galaxy population and will aid our under-
standing of evolutionary processes within these galaxies.
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Appendix A: Arecibo Hi line data
Color SDSS images along with Arecibo Hi line spectra of all
151 galaxies from the final follow-up Hi observing campaign are
shown in Figures A.1 to A.3 for Arecibo detections, in Figure
A.4 for marginal detections, and in Figures A.5 and A.6 for non-
detections. Selected properties of the three categories of galaxy
detections are listed in Tables A.1, A.2 and A.3 respectively.
Listed throughout the Tables are the following properties of
the target galaxies:
– source: NIBLES sample source number (see Paper I);
– RA & Dec: Right Ascension and Declination in J2000.0 co-
ordinates, as used for the observations;
– Name: common catalog name, other than the SDSS;
– Vopt: heliocentric recession velocity from the SDSS redshift,
determined in the optical convention (in km s−1), from Paper
II;
– g − z: g − z extinction-corrected (following Schlegel et al.
(1998)) color of the galaxy using SDSS model magnitudes;
– Mg: extinction corrected absolute g-band magnitude;
– log(M?/M): total median stellar mass estimates;
– log(Lr/L): SDSS r-band luminosity derived from Petrosian
magnitudes as in Paper III;
– log(sSFR/yr−1): specific Star Formation Rate, or SFR/M?;
– rms: rms noise level values of the Hi spectra (in mJy);
– VHI: heliocentric recession velocity of the center of the Hi
line profile (in km s−1);
– W50, W20: velocity widths measured at 50% and 20% of the
Hi profile peak level, respectively, uncorrected for galaxy in-
clination (in km s−1);
– FHI: integrated Hi line flux (in Jy km s−1);
– S NR: peak signal-to-noise ratio, which we define as the peak
flux density divided by the rms. For nondetections, the S NR
listed is the maximum found in the expected velocity range
of the Hi profile;
– S/N: signal-to-noise, determined taking into account the line
width, following the ALFALFA Hi survey formulation from
Saintonge (2007): S/N = 1000(FHI/W50)·(W50/2·R)0.5)/rms,
where R is the velocity resolution, 18.7 km s−1;
– log(MHI/M): Total Hi mass, where MHI = 2.36×105·D2·FHI,
where D = V/70 is the galaxy’s distance (in Mpc). In the
cases of nondetections, 3σ upper limits are listed for a flat-
topped profile with a width depending on the target’s r-band
luminosity, Lr, according to the upper envelope in the W20
- log(Lr/L) relationship of our Nançay clear, nonconfused
detections (see Paper I) - these are quite conservative upper
limits;
– log(MHI/M?): ratio of the total Hi and stellar masses (in M).
Estimated uncertainties are given after the values in the ta-
bles. Uncertainties in the central Hi line velocity, VHI, and in the
integrated Hi line flux, FHI, were determined following Schnei-
der et al. (1986, 1990) as, respectively
σvHI = 1.5(W20 −W50)SNR−1 (km s−1) (A.1)
and
σFHI = 2(1.2W20R)
0.5rms (Jy km s−1) (A.2)
where R is the instrumental resolution, 18.7 km s−1, S NR is the
peak signal-to-noise ratio of a spectrum and rms is the rms noise
level (in Jy). Following Schneider et al., the uncertainty in the
W50 and W20 line widths is expected to be 2 and 3.1 times the
uncertainty in VHI, respectively.
Article number, page 10 of 20
Z. Butcher: The revised NIBLES bivariate luminosity–Hi mass distribution function
Fig. A.1. Color (g,r and i band composite) images from the SDSS alongside 21-cm Hi line spectra of galaxies clearly detected at Arecibo. The
size of each image is 2′× 2′with the NIBLES source number indicated in the upper left corner, absolute z-band magnitude, Mz, in the top center
and log(MHI/M) in the top right corner of each image. The vertical axis in the spectra is flux density in mJy, the horizontal axis is heliocentric
recession velocity (cz) in km s−1. The SDSS recession velocity is denoted by a vertical dashed magenta line, the mean Hi velocity by the blue
triangle, and the W50 line width by the horizontal blue arrow bar. Velocity resolution is 18.7 km s−1. Confused galaxies are denoted by a C in the
upper right portion of the spectrum. See Paper II for codes used in the previous campaigns.
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Fig. A.2. Color images from the SDSS alongside the 21-cm Hi line spectra of galaxies clearly detected at Arecibo – continued. See Figure A.1
for further details.
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Fig. A.3. Color images from the SDSS alongside the 21-cm Hi line spectra of galaxies clearly detected at Arecibo – continued. See Figure A.1
for further details.
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Fig. A.4. Color images from the SDSS alongside the 21-cm Hi line spectra of galaxies marginally detected at Arecibo. See Figure A.1 for further
details.
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Fig. A.5. Color images from the SDSS alongside the 21-cm Hi line spectra of galaxies undetected at Arecibo. See Figure A.1 for further details.
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Fig. A.6. Color images from the SDSS alongside the 21-cm Hi line spectra of galaxies undetected at Arecibo – continued. See Figure A.1 for
further details.
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